The effect of perforation impedance on the acoustic behavior of reactive and dissipative silencers is investigated using experimental and computational approaches. The boundary element method ͑BEM͒ is applied for the prediction of transmission loss of silencers with different perforation geometries. The variations are considered in the porosity ͑8.4 and 25.7%͒ and hole diameter ͑0.249 and 0.498 cm͒ of perforations for both reactive and dissipative silencers, as well as the fiber filling density ͑100 and 200 kg/ m 3 ͒ for the latter. The acoustic impedance for a number of perforations in contact with air alone and fibrous material has been incorporated into the predictions, which are then compared with the measured transmission loss using an impedance tube setup. The results demonstrate the significance of the accuracy of the perforation impedance in the predictions for both reactive and dissipative silencers.
I. INTRODUCTION
Perforated ducts are used extensively in both reactive and dissipative silencers to control the acoustic behavior of the element, guide the flow, and retain the absorbing material when incorporated. To predict the acoustic behavior of these silencers, analytical and numerical ͓finite element method ͑FEM͒ and boundary element method ͑BEM͔͒ techniques have been developed, for example, by Sullivan ͑1979͒, Eriksson et al. ͑1983͒, Munjal ͑1987͒, Cummings and  Chang ͑1988͒, Peat and Rathi ͑1995͒, and Kirby ͑2003͒. However, only a small number of publications have incorporated the acoustic characteristics of perforations into such predictions, particularly for the dissipative silencers. This may be attributed to the limitations in availability and applicability of representative expressions for the perforation impedance.
The perforation impedance without fibrous material in the absence of mean flow is relatively well understood by, for example, Sullivan and Crocker ͑1978͒. They also present the effect of perforation impedance on the transmission loss ͑TL͒ of reactive silencers. Their empirical formulation has been widely used to predict TL, for example, by Thawani and Jayaraman ͑1983͒, Luo et al. ͑1995͒ , and Wang and Liao ͑1998͒. Its applicability, however, may be confined to relatively low values of porosity , since the development is based on = 4.2%. Studies on the acoustic characteristics of perforated ducts in the presence of fibrous material ͑dissipa-tive silencers͒ are further limited compared to those without such material. Cummings ͑1976͒ suggests an expression for the impedance of perforation in contact with fibrous material by using characteristic impedance and wave number of the absorbent. Kirby and Cummings ͑1998͒ provide a similar semiempirical impedance formulation for such a configuration subject to grazing mean flow, which has been later utilized by Kirby ͑2001, 2003͒ in predicting the transmission loss of dissipative silencers. Selamet et al. ͑2001͒ have adapted their approach by modifying the formulation of Sullivan and Crocker ͑1978͒ for the perforations facing airfibrous material ͑air on one side and the absorbent on the other͒, and demonstrated the impact of perforation impedance on the TL of dissipative silencers. However, in both Kirby and Cummings ͑1998͒ and Selamet et al. ͑2001͒ , the perforation impedance with fibrous material is intuitively modified from the one without the absorbent.
Recently, Lee ͑2005͒ and Lee et al. ͑2006͒ have developed empirical expressions for the acoustic impedance of perforations with and without the fibrous material, which are suitable to determine the silencer characteristics with various porosities and different hole diameters. In light of such expressions, the objective of the present study is then to illustrate the effect of perforation impedance on the acoustic behavior of reactive and dissipative silencers. TL is used to assess the acoustic performance since it is independent of the input and termination impedances, therefore, representative of the silencer itself. Different duct porosities ͑ = 8.4 and 25.7%͒, hole diameters ͑d h = 0.249 and 0.498 cm͒, and fiber filling densities ͑ f = 100 and 200 kg/ m 3 ͒ are employed to demonstrate the effect of such parameters on the TL of silencers. The expressions for perforation impedance and the acoustic properties ͑complex characteristic impedance and wave number͒ of fibrous material provided by Lee et al. ͑2006͒ are applied in BEM predictions. The experimental TL results from the impedance tube setup are then compared with predictions from the BEM, supporting the expressions developed for the perforation impedance.
Following this Introduction, Sec. II briefly describes the BEM and Sec. III presents the acoustic properties of the fibrous material and perforation impedance. Section IV compares the experimental results with predictions, followed by the concluding remarks in Sec. V.
II. BOUNDARY ELEMENT METHOD
This section describes the BEM used in this study for the predictions of silencers. A dissipative silencer in Fig. 1 , for example, can be first divided into unfilled and filled acoustic domains. Impedance matrix for each domain is then obtained using boundary integration method. These impedance matrices are then combined by applying the boundary conditions between the two domains. The matrix for filled acoustic domain can be evaluated by using the complex acoustic characteristics of the absorbing material, such as density and speed of sound.
For the perforated main duct ͑domain 1͒, the threedimensional wave equation in the absence of mean flow is expressed as
where p is the acoustic pressure and k 0 is the wave number in air. The adjoint of Eq. ͑1͒ is given by
͑2͒
with its fundamental solution ͑Green's function͒ expressed as
where
and ␦ is the Dirac delta function. The weighted residual integral of Eq. ͑1͒ is written as
where V is the acoustic domain volume. Integrating the first term by parts twice and the second term once
where ⌫ is the boundary surface of the acoustic domain, and n is the unit outward normal vector to the surface. Rearranging Eq. ͑6͒
where C i are the edge or corner point coefficients. Discretizing the boundary surfaces into a number of elements ⌫ j , Eq. ͑7͒ yields
which can be expressed in the matrix format as
͑9͒
Equation ͑9͒ can be rewritten in terms of pressure and particle velocity which is outward normal to the boundary surface of domain 1 as
The acoustic pressure and velocity on the boundary can be generally categorized as inlet, outlet, rigid wall, and perforations. Applying rigid boundary condition on the solid wall, the impedance matrix of the main duct ͓͑TC͔͒ may be expressed, in terms of inlet, outlet, and perforations, as
where superscripts i, o, and p denote inlet, outlet, and perforations. Impedance matrix of the dissipative chamber ͑domain 2͒ ͓͑TD͔͒ can also be derived by a similar method as explained earlier ͓through Eqs. ͑1͒-͑10͔͒ with complex density and speed of sound c. Applying the rigid boundary condition at the wall, impedance matrix for the dissipative chamber becomes
The impedance matrices of perforated main duct and outer chamber may be coupled by the boundary conditions at the perforation interface. The acoustic velocity continuity at the interface yields
where the negative sign is assigned since u 1 and u 2 are normal outward acoustic velocities for each domain. For a per- foration thickness much smaller than the wavelength, the pressure difference across the perforation may be expressed as
where p is the nondimensional acoustic impedance of perforations. Combining Eqs. ͑11͒-͑14͒ yields the impedance matrix ͓TI͔ of the silencer, defined by
and ͓I͔ is the identity matrix. The averages of acoustic pressure and velocity from Eq. ͑15͒ at nodes on the inlet and outlet planes determine first the transfer matrix
͑20͒
Assuming a main duct with a constant cross-sectional area, the TL of the silencer can then be calculated from the transfer matrix as follows: TL = 20 log 10 ͑ 1 2 ͉T 11 + T 12 + T 21 + T 22 ͉͒. ͑21͒
III. ACOUSTIC PROPERTIES OF FIBROUS MATERIAL AND PERFORATION IMPEDANCE
While the acoustic impedance of perforations is crucial in predicting the performance of both reactive and dissipative silencers, the acoustic properties of the fibrous material are also important for accurate predictions in dissipative silencers. This section provides the complex characteristic impedance and wave number of fibrous material for f = 100 and 200 kg/ m 3 , and the acoustic impedance of perforations in contact with air alone and fibrous material. The details of the experimental setups and the procedures to measure such properties are presented elsewhere ͓Lee et al. ͑2006͔͒.
A. Acoustic properties of fibrous material
The empirical complex characteristic impedance Z ͑=c͒ and the wave number k of Delany and Bazley ͑1970͒ for fibrous materials have been widely used due to its simplicity. Although the Delany and Bazley formulation is well representative of the acoustic behavior of fibrous material in general, Lee et al. ͑2006͒ have experimentally determined the complex characteristic impedance and wave number of specific fibrous material since the process of data reduction for perforation impedance requires accurate ͑rather than somewhat representative͒ acoustic properties of the material in contact with the perforation. The form of Delany and Bazley, which is convenient for the fits, has been retained. The complex characteristic impedance and wave number based on the values averaged over five experiments are then expressed by
with the fit coefficients a 1 − a 4 and b 1 − b 4 given earlier ͑Lee et al., 2006, Table I͒ for both filling densities of f = 100 and 200 kg/ m 3 . These empirical expressions are used next for the predictions of the TL of dissipative silencers.
B. Acoustic impedance of perforations
The specific acoustic impedance of perforations may be defined as
where R is the nondimensional resistance, t w the perforated duct wall thickness, and ␣ the end correction coefficient. The empirical relationship of Sullivan and Crocker ͑1978͒ given in the same form of Eq. ͑24͒ as
has been widely used for the perforation impedance with air-air contact ͑air on both sides͒. This expression was obtained using perforations with = 4.2%. In Eq. ͑25͒, the coefficient 0.75 is associated with the end correction of the perforations and may vary as a function of distance among holes. Eleven samples of circular plates studied by Lee et al. ͑2006͒ include variations in porosity ͑2.1, 8.4, 13.6, and 25.2%͒, wall thickness t w ͑0.08 and 0.16 cm͒, and hole diameter d h ͑0.249 and 0.498 cm͒. The same work has also provided the experimental results for R and ␣ of the perforations facing an absorbent with f = 100 and 200 kg/ m 3 as well as air alone, which are used next for the TL predictions of reactive and dissipative silencers.
IV. TRANSMISSION LOSS
The measured and predicted transmission losses of reactive and dissipative silencers are presented in this section. The details of the experimental setup are described elsewhere ͓Lee ͑2005͔͒. The acoustic properties of fibrous material and perforation impedance provided in Sec. III are incorporated into the BEM to obtain the TL of silencers. The experimental results for both reactive and dissipative silencers are presented next demonstrating the effect of porosity, hole diameter, and fiber filling density on the TL, followed by the comparison of these experiments with the BEM predictions for both silencers.
A. Experimental results
A cylindrical concentric perforated chamber with fixed outer dimensions ͑d 2 = 16.44 cm and L = 25.72 cm in Fig. 1͒ is used for the TL measurements. The porosity and hole diameter of perforations along with the absorbent density are varied. Four perforated brass tubes with different porosities ͑ = 8.4 and 25.7%͒ and hole diameters ͑d h = 0.249 and 0.498 cm͒ are fabricated and mounted inside an expansion chamber. The inner diameter of the tubes is d 1 = 4.9 cm and the wall thickness is t w = 0.09 cm. The tubes are designed to have comparable distance between holes in both the axial and circumferential directions. The experimental results demonstrate next the effect of perforation impedance on the TL of both reactive and dissipative silencers, along with the impact of fibrous material. Figure 2 shows the measured TL of the perforated reactive silencers with different duct porosities and hole diameters along with that of a simple expansion chamber. While the perforations do not affect the TL in the first dome, lower porosity, in general, increases the TL at the second and third domes. The impact from different hole diameters ͑d h = 0.249 and 0.498 cm͒ for the same is more significant for lower porosity ͑ = 8.4% ͒ than for = 25.7%. These reactive silencers are then used as baselines for the dissipative silencers, with the filling densities of f = 100 and 200 kg/ m 3 in the outer chamber. Figure 3 shows the experimental results for dissipative silencers with different duct porosities ͑ = 8.4 and 25.7%͒, hole diameters ͑d h = 0.249 and 0.498 cm͒, and filling densities ͑ f = 100 and 200 kg/ m 3 ͒ along with those of perforated reactive silencers. Filling the chamber with fibrous material dramatically changes the TL from a multi-dome behavior to a single peak with substantially higher attenuation except at low frequencies, illustrating the effectiveness of absorbent. Figure 3 also demonstrates the dependence of the TL of dissipative silencers on , f , and d h . Thus, the understanding of the effects of such parameters on the TL is important for the predictions and design of dissipative silencers. Higher filling density ͑ f = 200 kg/ m 3 ͒ generally increases the magnitude of peak TL and shifts the peak locations to lower frequencies compared to f = 100 kg/ m 3 . For both filling densities, the impact of hole diameter is more significant for low porosity ͑ = 8.4% ͒ than for high porosity ͑ = 25.7% ͒. For low porosity ͑ = 8.4% ͒, the filled silencers with large hole diameter ͑d h = 0.498 cm͒ exhibit, in general, lower TL than those with small hole diameter ͑d h = 0.249 cm͒. However, the hole diameter impact for silencers at high porosity ͑ = 25.7% ͒ appears to diminish.
B. Comparison of experiments and BEM predictions-reactive silencers
By comparing the TL from experiments and predictions, this section provides an assessment of the acoustic imped- Table III of Lee et al. ͑2006͒ ͑hereafter referred to as the current approach͒ and Eq. ͑25͒ ͑Sullivan and Crocker, 1978͒ are used for the predictions. The BEM predictions using the current approach show an improved agreement with experiments compared to those using Eq. ͑25͒. Figure 6 presents the comparison of the measurements with the predictions for = 25.7% and d h = 0.249 cm using only the current approach since Eq. ͑25͒ based on = 4.2% may be less suitable for such high porosities. The BEM predictions show a reasonably good agreement with the experiments. Figure 7 shows the experimental and predicted results of TL with different hole spacings, depicted in Fig. 8 , while retaining the same porosity ͑ = 8.4% ͒ and the hole diameter ͑d h = 0.249 cm͒. The unequal spacing between holes tends to increase the peak attenuation compared to the one with nearly equal spacing. The noticeable effect of the spacing illustrates the difficulty in obtaining a generalized perforation impedance for various porosity, and the hole size and shape.
C. Comparison of experiments and BEM predictions-dissipative silencers
BEM is used next for the TL predictions of dissipative silencers, along with the complex characteristic impedance and wave number and perforation impedance given in Sec. III. For = 8.4 and 25.7%, Figs. 9 and 10, respectively, .7% ͒ exhibits a reasonable overall agreement along with some deviations from the experiments at high frequencies. The deviations at higher filling densities and/or porosity may be attributed to the effect of variation in fiber filling conditions on the perforation impedance.
The acoustic impedance of perforations in contact with air-air has often been used in the predictions for dissipative silencers due to lack of information on perforations in contact with the fibrous material. Figure 11 shows the comparisons of experiments with the predictions using the perforation impedance with air-air and air-absorbent of the current approach. While the predictions using the impedance of perforations facing air-fibrous material show a good agreement with the experiments, those employing the perforation impedance with air alone exhibit a substantial deviation from the measurements particularly at high filling densities and frequencies. Thus, Fig. 11 illustrates the importance of appropriate perforation impedance in accurate predictions for dissipative silencers. That is, the substantial increases of both the resistance R and end correction coefficient ␣ due to the contact with the fibrous material need to be incorporated into the predictions of dissipative silencers. The predictions from the heuristic method of Kirby and Cummings ͑1998͒ by employing the acoustic properties measured by Lee et al. ͑2006͒ are also provided in Fig. 11 , showing a reasonable agreement with the experiments. This comparison, therefore, suggests that their method, with known acoustic impedance of perforations in contact with air-air and absorbent properties, is capable of capturing the effect of absorbing material on the perforation impedance in dissipative silencers.
V. CONCLUSIONS
The acoustic properties of fibrous material and perforation impedance measured in the experiments have been integrated, in the present study, into the BEM predictions of TL for silencers. First, the measured TL of reactive perforated silencers with different porosities ͑ = 8.4 and 25.7%͒ and hole diameters ͑d h = 0.249 and 0.498 cm͒ are presented illustrating the effect of such parameters on the TL. The reactive silencers are then filled with fibrous material with different densities ͑ f = 100 and 200 kg/ m 3 ͒. The experimental results show that the use of fibrous material significantly increases the TL, except at low frequencies, changing its shape from multi-dome to a single resonance type. The peak frequency and magnitude of the TL are significantly affected by different filling densities of the material. 
